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Abstract

Naturally receneratedseedlings of longleaf pine aretypically observedto clusterin the centerof tree fall canopy..,,gaps
andbe encircledby a wide zone from which they aregenerallyexcluded.Twelve representativecanopygapsdistributed
across600 ha of a naturally regenerateduneven-agedlongleaf pine forest in the sandhillsof north centra Florida were
examinedto determinewhich abovegroundand belowgroundfactors are responsiblefor developmentof this seedling
exclusionaryzone.Within 12 rn of adult treesgrowing alongthe gapedge,significantly fewer longleafpine seedlingswere
present.The canopyof overstorytrees, however,extendedonly 4—5 m into thegap. The relatively openstructureof the
longleafpinecanopy(57%cover)allowed photosyntheticallyactiveradiation(PAR) to beevenlydistributeduponthe forest
floor across each canopy gap. Thus, light avail-ability was not related to pine seedling clustering near gap centers.
Significantly greaterforest litter mass beneathadult trees(5 Mg hat) could result in fires more intensethan would be
supportedby thelitter massneargapcenters(2.5 Mg ha I) However, litter masswassignificantly elevatedonly within 4 m
of the gapedge.The fine root bioniasswithin 12 m of thegapedge(3—4.5 Mg ha’) wastwo to six times that measured
nearthegapcenterandmost closely coincidedwith the width of the seedlingexclusionaryzonealongthe rstarginof each
gap. Thus, while the canopyof adjacentadult treesmay indirectly influenceseedlingmortality throughdepositionof needle
litter andgreaterfire intensity within 4 m of the gapedge, the root systemsof theseadultsalsoappearto directly compete
with seedlingswithin 12—16 m of thegapedgefor limited siteresources.To effectivelyregenerateandsustainlongleafpine
wiregrassecosystems,cautionshould be used in prescribingsingle-treeselectionharvestmethodsso as not to creategap
openings’sosmall (<30 m diameter)that intraspecific competition from adult treestotally e~tcludesseedlings.Group
selectionmethodsmay prove more effective in creatingcanopygapsof sizes suitable(=40 m diameter)for ensuringthat
intraspecificcompetitionfrom adultsis maintainedat a level which allowsfor survival andgrowthof seedlings.Shelterwood
anddefermentmethodsmayalso proveusefulwheremoreopencanopyconditionsaredesired.However,thepine seedlings’
needfor light cannotbe used as an appropriaterationalefor applicationof clearcuttingmethods.© 1998 ElsevierScience
B.V.
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1. Introduction

Longleaf pine (Pinus palustris) forests were at
one time among the most extensiveecogystemsin
North America(Landerset al., 1995). Theseforests
occupiedover37 million ha prior to Europeansettle-
ment (Frost, 1993),rangingfrom poorly-drainedflat-
woods to xeric sandhills and rocky ridges (Boyer,

1990)alongtheCoastalPlainfrom Texasto Virginia
extendingwell into central florida andthePiedmont
and mountains of northern Alabama and Georgia
(Stout and Marion, 1993). Clearing land for crops

and pasture(Myers and White, 1987; Ewe], 1990),
converting to other southernpines such as loblolly

pine (Pinus iaeda) and slash pine (Pinus elliottii),
interrupting naturalfire regimes(Strenget al., 1993),
impeding longleafpine regenerationandinvasionby
hardwoodtrees (Burns and Hebb, 1972) and more
aggressivepines, including loblolly pine, slash pine
andsandpine (Pinus clausa),havesincethen caused
a progressivedecline in longleaf pine ~.rith current
levels estimatedat less than 1.2 million ha (Outcalt
and Sheffield, 1996). Most remaining longleaf pine
forests are aging without replacement(Kelly and
Bechtold, 1990)and, with this ecosystemnow occu-

pying only about 4% of its original extent, habitat
reduction has resultedin the increasedrarity of 191
taxa of vascular plants (1-lardin and White, 1989;
Walker, 1993) andseveralvertebratespecies.

In the easternhalf of the Coastal Plain, longleaf
pineis associatedwith wiregrass(Aristida siricta) in
ecosystemsoften characterizedby an open,park-like

stand~tructure (Harper, 1914;Laessle,1942;Edmis-
tei 1963). Few shrubsor hardwoodtreesare pre-
sent, becauseunderstorygrassesfacilitate the igni-
tion and spreadof fire during the growing season

(Landers, 1991). Longleaf pine and wiregrassfunc-
tion askeystonespeciesthat facilitate but areresis-
tarn to fire (Platt et a]., 1988; Noss, 1989). They
exhibit substantiallongevity and demonstratenutri-
ent and water retention to a degree that reinforce
their site dominanceand minimize change in the
plant community following disturbance(Landerset

1995). The longleaf pine wiregrass ecosystem
exists in an environmentinfluenced by large scale
catastrophicdisturbance,such as damagingtropical
storms. Lightning is an important agent in individual

tree mortality andcreationof small scaledisturbance

in longleaf pine stands (Komarek, 1968; Taylor,
1974). The structure,patternand diversity of this
ecosystemis maintainedby a combinationof distur-
bance events and site factors (including lightning
strikes,treemortality andanimal interactionsat local
scalesandwind storms, soilsandhydrologicregimes
at broaderscales),which result in largeliving trees,
snags,coarsewoody debris,forestcanopygapsand
hardwoodthickets (Snedakerand Lugo, 1972). Nu-
merous organismsare adaptedto this disturbance-
prone,yet largelystableecosystem.The high diver-
sity of understoryplantsperunit areamakesthis one
of the most species-richplant communitiesoutside
the tropics (PeetandAllard, 1993).

The sandhills componentof the longleaf pine
wiregrass ecosystemis regardedby many as an
endangeredplant community (Means and Grow,
1985). Concem about loss of these unique forests
(Nosset al., 1995)has stimulateddiscussionregard-
ing how to effectively sustainthis ecosystem.Suc-
cessin this endeavor~vil1dependon identifying the
ecological processesneededto createconditionsthat
ensurereliableregenerationof longleafpine.Natural
regenerationmethods employing a regime of fre-
quent fire are reportedlycompatiblewith maintain-
ing the longleaf pine wiregrassecosystem(Boyer
and White, 1990). However, the reproductive dy-
namicsof sandhillslongleafpine, typically regener-
ating in forestcanopygaps,are not well understood
andmay provide additional insight into how silvicul-
tural methodsmight be adaptedto sustainresource
valuesin this uniqueecosystem.

Canopy gaps,resulting from a variety of distur-
bance agents,haverecently become recognizedas
ecologicallyimportantfeaturesdriving the forestcy-
cle through open, growth and closedphases(Whit-
more, 1989). Tree seedlingsdeveloping in gaps at
differing time intervalsresult in a networkof forest
patchesat variousstagesof developmentdispersed
acrossthe landscape(PickettandWhite, 1985),simi-
lar to the shifting mosaicsteadystate(Bormannand
Likens, 1979). Extensive researchhas beencon-
ductedon the reproductivedynamicsof treeseedlings
associatedwith canopygaps tn tropicalforests(Puta,
1983; Brokaw, 1985; Denslow, 1987; Lawton and
Putz, 1988; Uhi et al., 1988;Brokaw and Schneider,
1989; Schuppet al., 1989; Hartshom,1989;Brown,
1996), temperatedeciduousforests (Runkle, 1984;
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Canham,1988;ClebschandBusing, 1989;Lorimer,
1989,Veblen, 1989;Phillips and Shure, 1990;Clin-
ton et al., 1994; Lajtha, 1994; Sipe and Bazzaz,
1995;PoulsonandPiatt,_1996;Goldblum, 1997) and
temperateconiterod fores&(SjiiEs and Fiiiik1iii~
1989; Spies et al., 1990; Waldrop, 1990; Lertzman
and Krebs, 1991; Liu and Hyttebom, 1991; Lertz-
man, 1992; Battleset al., 1995; Lertzman et al.,
1996).

Longleaf pine is a shade-intoleranttree species,
with its regenerationlargelyconfinedto canopygaps
(Wahlenberg, 1946). Abundance and growth of
seedlingshave long beenreportedto be negatively
relatedto the presenceof adult longleafpine(Walker
and Davis, 1954; Davis, 1955; Smith, 1961). The
competitive influenceof individual treesand forest
walls on seedlingsis observedto extend 15 m or
more from adult treesinto forestgaps(Smith, 1955;
Walker andDavis, 1956;Boyer, 1963).This compet-
itive effect is so pionouncedthat naturallyregenerat-
ing longleafpine seedlingstypically clusternearthe
centerof canopygapsand are encircledby a wide
zone from which they are generallyexcluded.The
most frequently mentionedmechanismsresponsible
for this seedling exclusionary zone are: (1) lower
levelsof light availablealong the gapedgethan near
the gap center and (2) greater accumulationsof
needlelitter nearoverstorytrees thus more intense
fires along the gap margin than at the gap center
(Boyer, 1974; Platt et al., 1988; Grace and Platt,
1995;Farrar,1996).The relationshipbetweencanopy
gap formation and root gap developmentand the
potential for belowgroundinteractionsto influence
gap-phaseregenerationin thelongleafpinewiregrass
e~osystemhavenot beenfully explored.

Naturally occurring forestcanopygaps in a lon-
gleafpine wiregrassecosystemon the sandhillsof
north central Florida wereexaminedto developan
improved understandingof the gap-phaseregenera-
tion dynamicsof longleafpine.Overstoryattributes,
canopygapdimensions,photosyntheticallyactivera-
diation (PAR), forest floor and root biomasswere
comparedwith the spatial distribution of longleaf
pine seedlingswithin the gaps to: (1) identify the
~bdvegroundand belowground factors responsible
for developmentof the seedling exclusionaryzone
along the interior margin of eachcanopygapand (2)
assess the importance of these exclusionary zone

factors whenprescribingsingle-treeselection,group

selection,shelterwoodand other silvicultura.l meth-
odsfor sustainablemanagementof the longleafpine
wiregrassecosystem.

2. Methodsandmaterials

2.1. Studysite

This studywasconductedon the Ocala National
Forestin Marion County, north centralFlorida. The
study site is locatedon RiversideIsland (290281N,
81p50’W), one of largest remaining longleaf pine
wiregrassareasalong the Mount DoraRidge(Laes-
sle, 1958). The climate is humid subtropical(Chen
andGerber, 1990).Annual precipitationis abundant,
averaging 1300 mm, with more than half of this
arri~’ing during the June to Septemberseason
(Aydelott, 1966). Average monthly temperatures
range from 21 to 280C for the April to October
period and from 14 to 190C for Novemberto March
(NOAA, 1930—1985).

The studyareais approximately50 m abovesea
level in a sandhills landscapewith rolling topogra-
phy, devoid of surfacedrainagesand characterized
by closeddepressions.Surfaccslopesat the study
site range from nearly level (0—2%) to moderately
inclined(up to 8%). The surfacegeologyis underlaid
by a bedrock of OcalaLimestone,a relativelypure
calciumcarbonatedepositdating to the Bocene,ap-
proximately40000000yrs old (Brooks, 1972).This
limestone,also known as the Crystal River Forma-
tion, is largely responsiblefor the karstnatureof the
locale,forming numeroussinkholesand largesprings
(Brown et al., 1990). Above this limestoneis the
Citronelle Formation(Laessle,1958), which occurs
continuouslythroughoutthe centralridge of Florida
overa distanceof 240km (Pirkle et al., 1963).The
Citronelle Formationis composedof sandandgravel
intermixed with clay (Brooks, 1972). Overthis for-
mation are aeolian dunes~.which developedduring
periods of climate and ~ealevel fluctuation in the
Pleistocene(Kalisz and Stone, 1984). Lands higher
than 30 m abovemeansealevel remainedabovethe
oceansurfaceduring the entire Pleistocene(Alt and
Brooks, 1965).
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Surface depositsare dominatedby sands2—3 m
thick overlying the stratified sand, gravel and

kaolinitic claysof th~CitixnelleIormationXLaessle,

1958). Soilsdevelopedin parentmaterialsdevoidof
easily weatheredprimary minerals and consist of
quartzsandwith small amountsof iron andtitanium
(Kalisz and Stone, 1984). Clay-sizedparticles are
primarily quartz, kaolinite, hydroxy—aluminuminter-
layeredmineralsand gibbsite(Carlisleet al., 1978).
Soils present on the site are excessively drained
entisols and typically exhibit little if any profile
development(Brown et al., 1990). The predominant
soil is the Astatula series(Typic Quartzipsamments,
hyperthermic)which is low in organicmatter,nutri-
ents and water holding capacity (Aydelott et al.,
1975).The terms‘wet desert’and ‘desertin the rain’
are commonly used to describe this environment
since, while precipitation is abundant,this soil can
becomeextremelydry within oneweek without sub-
stantialrainfall (Outcalt, 1993).

Overstoryvegetationin this sandhillsareais dom-
inatedby an uneven-agedlongleafpine forest,within
a larger sand pine landscape matrix (Kalisz and
Stone,1984;Myers andWhite, 1987; Myers, 1990).
Pollen evidencesuggeststhat thesehave been the
two principal ecosystemsin this locale for the past
5000 yrs (Watts, 1971; Watts and Hansen, 1988).
Repeatedfires have maintained this longleaf pine
ecosystemrelatively free oi shrubsand encouraged
an abundanceof grasses.Fire-suppressedturkey oak,
(Quercus Iaecis), Chapman oak (Quercus chap-
manii), sandlive oak(Quercus geminata)andmyrtle
oak~(Quercus mvrt~folia) are associatedwith dwarf
live oak (Quercus minima), scrubpalmetto (Sabal
etonia), prickly pear(Opuntia hum~fusa), shinyblue-
berry (Vacciniumn myrsinites) and gopherapple
(Licania michauxii) in the sparseshrublayer. Wire-
grass, Curtiss dropseed (Sporobolus curtissii),
broomsedgebluestem(Andropogonvirginicus), lop-
sided indiangrass(Sorghastrumnsecunduin), panic
grass(Panicumn spp.),sandgrass(Triplasisspp.)and
yellow nutsedge(Cyperusrecurvata)are amongthe
prominent graminoids. Forbs commonly observed
include partridge-pea(Cassia chamaecrista),tread-
softly (Gnidosculosstimnulosus).doveweed(Crotan
argvranthe,nus), buckwheat (Eriogonumn tornento-
stun), milkpea (Galactia spp. ), wild indigo (Indig-
ofera caroliniana), silverthreadgoldaster(Pitvopsis

gramninafolia), dollarweed(Rhvnchosiaspp. ), blue-
eyedgrass(Sisyrinciiiumsoistitiate)andqueensde-

2.2. Site historyandstudydesign

The study area is occupiedby a second-growth
uneven-agedlongleafpine forest that has naturally
regeneratedduring the past 90 yrs. Numeroustree
fall canopygapsrangingfrom 40 to 50 m in diame-
ter (0.1—0.2 ha)are distributedthroughoutthis for-
est. Lightning is thought to be the principal distur-
bance agentfollowed by pathogensand insectsin
creatingthesegapsthroughtreemortality. Tomadoes
are also responsiblefor creating some larger gaps
and linearstrings.Periodicgrowing-seasonfire every
3—4 yrs has maintainedforest floor and understory
conditionsfavorablefor germinationand growth of
longleaf pine seedlings.Pine regenerationis abun-
dant nearthe canopygapcenters.

Following an areareconnaissancein June 1991,
twelve representativetree fall gaps within a 600-ha
areawere selectedfor study. Adult treesalong the
edge of each canopy gap were labeled and line
transectsfrom eachadult treeto the gapcenterwere
installed. Along the line transects,data collection
points were identified at intervalsof 1, 4, 8, 12, 16,
20 and 24 m from the gap edge.The position of
longleaf pine trees, saplings and seedlings were
mappedin detail for five of the selectedgaps.

2.3. Measurements

In July 1991,age,height,diameterat 1.4 m (dbh),
crown radius,crown depth and distanceto nearest
seedlingwere measuredfor all adult treesgrowing
along theedgeof eachcanopygap.Age in yearswas
determinedfrom incrementcore samplesand tree
height andcrowndepthin m werequantifiedusinga
Hagaaltimeter. Crown radiusin m wasestimatedby
vertical projectionof the canopyand treedbh in cm
and distanceto nearest~seedlingin m weredirectly
quantified with measuring tapes. Along each line
transect, seedlingdensity, overstory canopy cover,
forest litter massand root biomass(including total
roots, coarseroots and fine roots) were measured.
Seedling densitywas quantified in 2 m X 2 m sub-
plots. Overstory canopy cover was estimated by
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Table I
OverstoryJongleafpine characieristicsandrelationships

Treeage(yr)
Treeheight (in

)

Treediunietcr(cm at 1.4 m)
Treecrownradius(in)

Treccrowndepth(in)

Treedistanceto nearestseedling(in)
Saplingheight(in)

Saplirediameter(cmat 1.4 in)

Mean 5.E.

1.2
0.6

71.2
23.6
39.2
5.1
13.6
7.7
5.5
5.4

1.1
0.3
0.7
0.6
1.0
1.9

o = 29.

vertical projection. Forest litter sampleswere col-
lected from I m X I m subplots and placed into
paperbags.Soil cores5.1 cm in diameterto assess
root biomassto a depth of 20 cm were collected,
placed in plastic bagsand stored in a freezeruntil
processedat the laboratory.

In December1991,photosyntheticallyactiveradi-
ation (400—700nm) was measuredusing a sunfieck
ceptometer(DecagonDevices.Pullman,WA, USA).
PAR data were collected on the cloudlessdays of
late fall, so comparisonsamong points would be
valid without correction. The ceptometerwas posi-
tioned to recordPAR (~E m2 s’) I m abovethe

ground at regular intervals along all cardinal direc-
tionsfrom the gapedgeto the gapcenter.Measure-
mentswerebegunat 1200, whenthe sunangle was
greatest,and continued hourly until 1600, beyond

on the solarradiationreading.
Soil samplesweredry-sievedon 2-mm mesh and

then wet-sievedwith a washbottle to removeall soil
particlesadheringto the roots. Live roots were then
separatedby handfrom deadroots anddivided into
coarseroot (>5 mm diameter)and fine root (.=5

mm diameter) fractions. Root samplesand forest
litter samples were dried to a constantmass in a
force draftovenat 850C for 24 h andweighed.These
datawere then used to constructspatial distribution
estimatesfor forestlitter and roots acrossthecanopy
gaps. Seedlingdensity, overstorycanopycover and
PAR data werealso used to constructspatialdistri-
bution profiles acrossthe canopy gaps. Overstory
datafor treesandsaplingsalong the gap~clgeswere
statisticallysummarized.

All datafor dependentvariablesweresummarized
as estimatesof the meanand variancefor eachdata
collection interval alongthe line transect(1,4, 8, 12,
16. 20 and 24 m from the gap edge). Mean and
varianceestimatesfor PAR datawere similarly cal-

Fi2. I. Regeneratinglongleafpineseedlingsclusterednearcenterof canopy gap(noteabsenceof seedlingsin closeproximity. to adult tree
in left Ibreeroand).
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Fie. 2. Seedlingexclusionaryzone,showing 12—t6-in-wide handnc~r .dult tree.containingfew if any regeneratinglongleaf~ineseedlings.

culated.except that thesewere partitionedby quad-
rant (N. E, S or W) and time of day (1200, 1300,
1400. 1500 and 1600). For eachdependentvariable,
a comparisonof differencesamongthe spatial inter-
x’als along the line transect(gapedge to center)was
then undertaken.Statistical analysiswas completed
ustn~ a ceneral linear modelsanalysis of variance
and covariance (GLM-ANOVA) program, which
computes the F-ratio and conducts the Tukey—
Kramer tnuhiplecomparisontest(Hintze, 1995).Re-
sponsevariableswerecomparedalong the line tran-
wct ttsing a set of sevenpairwisecontrasts.Except

.0
E

I-
C, I
C I

0
a,
~
(a

n=15O C

__ ..II
ab4111a a 12 10 24

Distance 1mm GapEdge (in)

as otherwise noted, .a probability level of 0.05 was
used to discernsienificantdifferences.

3. Results

3.1. Orerswrv characteristics and seedIuz~ distriho—
lIOIt

During the past 9 decades,the site had become
dominatedby a naturallyregeneratedsecond-growth
longleafpine forest. This standwascharacterizedby

Fie. 4. Distrihutionof longlcafpineoverstorvcoveracrosscanopy
i2.~Il)s.

Fie. 3. l)istrihutionof longlealpine seedlingsacrosscattnpy “aps
(gapedge is at Ijir left andgapcenteris at fur right).
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an uneven-agedstructure, with seedlings,saplings
and mature longleaf pine trees well represented.
Numerouscanopygapswere distributedthroughout
~heJor~.These~apsI~qicalyrangedJromA0Ao50
m in diameter(0.1—0.2 ha), but gaps of smaller
diameterwerealso present

Maturelongleafpinesadjacentto thecanopygaps
werean averageageof 71 yrs, approximately24 m
in total height and39 cm in diameter(Table 1). The
meancrown depth for thesetreeswas nearly 14 m
and crown radius (the distance the forest canopy
extendedinto the gap) wasabout S m. The average
distance from a typical adult tree to the nearest
longleafpine seedlingwas nearly8 in. Longleafpine

(a)

in

N

E
w
.3
cc
ci-

SW

SW

200

C, 12

Distancefrom GapEdge (in)

(c)

in

N

E
w
.3

a-

L

16 20

saplingswereon the average5.5 m tall and 5.4 cm
in diameter.

Longleaf pine seedlingswere generally confined
can~py~g~pswhich were scatteredthroughoutthe

stand.Theseseedlingswere observedto clusternear
thecenterof eachcanopygap(Fig. 1), with very few
if any presentin a relatively broadband along the
gapmargin, the seedlingexclusionaryzone(Fig. 2).
The densityof longleafpine seedlingswithin 8 m of
the gapedgewasnotsignificantlydifferentfrom that
beneathoverstory trees(Fig. 3). However, seedling
densitywassignificantly greater12 in from the gap
edge, with highest seedling densitiesobserved at
distances=16 in from the adult longleafpines.

(b)
~2W
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N

E
w
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Fig. 5. Distributionof PAR acrosscanopygapsin four cardinaldirections.
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3.2. Canopy cocer and solar radiation

Tot fo1iarcoverJorAheoverstory~oLthis~sand,

hills longleafpine forest averaged57%, indicating a
moderatelyopen canopy condition (Fig. 4). Along
the margin of the typical canopy gap, overstory
cover rapidly declinedto significantly lower levels.
At only 4 m from the gap edge,overstoryfoliage
decreasedto 23% cover and, at distances =S in

from parent trees, overstory cover was essentially
absent.

No significant differencesin solarradiationacross
forestcanopygapswereobserved(Fig. 5). In all four
cardinal directions(quadrants),PAR was in general
uniformly distributed from gap edgeto gapcenter.
Nearmidday in the north quadrantof the gaps,only
half as much radiation was receivedat gap centers
comparedwith gapedges.in reverseof conventional
expectation.While radiant energy values exhibited
modestvariation acrossthe canopy gaps, the only
conststenttrend was a progressivedecreasein PAR
values with the declining sun angle from 1200 to
1600.

3.3. Forest litter

The forest floor consistedof a well developed
mor humus (predominantly forest litter) upon the
acidic sandy soil. This litter layer was principally
composedof longleafpine needleswhich had fallen
from overstorytrees,with lessercomponentsof pine
needlesfrom seedlingsand leavesfrom infrequent
ffardwood trees and shrubs. The forest litter mass

~i.

j

02
ii.

01

C
0

Fig. 7. Distribution of coarseroots and fine roots across canopy
gaps(note differential pattem for coarse roots and line roots).

was unevenly distributed acrossthe canopy gaps,
with highest values approaching6 Mg hat mea-
suredimmediatelyadjacent to adult treesalong the
gap edge(Fig. 6). Only 4 in from the gapedge,litter
mass decreasedsignificantly to less than 4.5 Mg
ha and, at distances=8 m from adult trees, the
litter massof =3 Mg ha’ was not significantly
different from that found at the gapcenter.

3.4. Root distribution

The distribution of roots in the upper20 cm of
soil acrossfcrest canopygapsshoweda differential
pattern for coarse roots and fine roots (Fig. 7).
Coarseroot biomassof 3 Mg ha— was distribtited
relativelyevenly acrossthecanopygaps.showingno
significant difference from edgeto center. However,

8 12

Oistars:e 1mn~GapEdge ~

4 8 12 18 24

Dislarice 1mm Gap Edge (in) -

8 12 16

Distance 1mm GapEdge (in)
24

Fie. 6. Distrihtition of forcst litter massacrosscanopygops. Fir. 8. Distributionof line root biomassacrosscanopygaps.
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the biomassof fine roots was positively related to
the proximity of adult longleafpines growing along
the gap edge(Fig. 8). Fine root bioinassof 4.5 Mg
hat near adult treesprogressivelydeclined to 3.8
Mg ha7t at 8 in and2.9Mg hat at 12 m from the
gapedge.Fine root biomassvaluesof 1.5 Mg ha—

at 16 m and0.5 Mg ha’ at 24 m from the gapedge
were significantly less than those measurednearer
the adult trees.

4. Discussion

4.1. Regeneration pattern and seedling exclusionary
zone

Longleaf pine forests naturally regeneratingin
periods between large scale disturbancesare typi-
cally an uneven-agedmosaicconsistingof even-aged
patchesaveragingless than I ha.Mortality of single
longleafpines or groupsof treescausedby a variety
of disturbanceagentssuch as lightning, windstorms,
insects and pathogenscreatetree fall canopy gaps
throughout the forest. The pyrogenicity of longleaf
pine wiregrass ecosystems is adaptedto maintain
thesecanopygapsrelatively free of potentiallycom-
peting hardwoodtreesandshrubsuntil longleafpines
have opportunity to occupy these grassy openings
(Platt and Rathbun, 1993).This ecosystemoccupies
a portion of the Southeastthat is highly prone to
lightning with a high potential for wildfire ignition
~Paulet al., 1968;Paul and Waters,1978zGoodman
and Christian, 1993). The longleaf pine wiregrass
ecosystemhas been describedas ideally structured
for the purpose of transmutinga localized distur-
bance(lightning) into a morewidespreaddisturbance
(groundfires), thus providingconditionssuitablefor
its own regeneration(Platt et al., 1988). Longleaf
pine treesthen commonly disseminateseedinto ad-
jacent unoccupiedgrassyopeningsas well as areas
beneaththeir crowns. Creationof theseopeningsin

- the tree canopyinitiates the forestcycle of renewal
‘via patch or gap-phaseregeneration.

Naturally regeneratinglongleafpine seedlingson
thesexeric sandhillswerehighly aggregatednearthe
center of forest canopy gaps and encircled by a
12—16 m wide zone along the interior margin of

each gap from which they were largely excluded.
This seedlingexclusionaryzonecommonlydevelops
in theseopeningswhen seedlingslocateddistal to
adult trees have higher survival and growth rates
than those proximal to maturelongleafpines along
the gapedge.This phenomenonwas alsofrequently
reported by earlier observers(Wahlenberg,1946;
Smith, 1955;Walker andDavis, 1956).Although the
suppressioneffect upon seedlingsdiminishesrapidly
with increasingdistancefrom maturelongleafpines
(Boyer, 1963), the negativeinfluence of adult trees
upon seedlingsextendswell beyondoverstorycrowns
andas far as =15 m from the baseof maturepines
into a canopygap(Boyer, 1993).

Mechanismsresponsiblefor developmentof the
seedlingexclusionaryzonehavebeendiscussed,with
most frequentmentiongiven to (1) higher levelsof
availablesunlight nearthe gapcenterand (2) greater
seedlingmortality resulting from more-intensefires
in the highervolumesof litter depositedalong the
canopyedge(Boyer, 1974;Platt et al., 1988;Grace
andPlatt, 1995; Farrar,1996).Belowgrounddynam-
ics, suchas root systemcompetitionbetweendiffer-
ing agegroupsof pine,havereceivedlittle attention
(Putz, 1992). Given the influence of adult longleaf
pineswell beyondtheir crownsand the fact that this
zoneof seedlingsuppressionseemsto extendfarther
from maturepineson poorsitesthan on goodsites,it
is possible that the seedling exclusionaryzone is a
product of competitionfor moisture and nutrients
(Boyer, 1993).

4.2. Canopycover and solar radiation

Canopy gaps reportedly haveheterogeneousdis-
tributionsof availablesite resources(Brandaniet al.,
1988; Canharn, 1988; Brown, 1996). Differential
availability of sunlight acrossgaps formedin closed
canopy forests leads to gap partitioning between
shadetolerant speciesregeneratingunderlower light
levels along the gap edge and intolerant species
underhigher radiation levels near the centerof the
canopygap(Denslow, 1480;PoulsonandPlatt, 1989;
Canhamet al., 1990;Sipe and l3azza.z,1995). Con-
sidering the typical morphologyof tree fall gaps in
tropical and temperateforests,limited solar radiation
levelsalongcanopygapedges(Ackerly and Bazzaz,
1995) may seeman obviouscausefor development
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of the seedling exclusionaryzone in longleaf pine
forests. This is especiallyso whenconsideringthat
sufficient sunlight is necessaryfor the survival and

~ I 16~ii~i~
the marginsof canopygapsoccurring in most tropi-
cal and temperateforestsare distinct boundariesof
high contrastbetweenlittle or.no canopycoverover
the gap and a highly densecanopybeyondthe gap
edgewithin the undisturbedportionof forest(Moore
andVankat, 1986;Denslow, 1987).This ‘hard edge’
presentalong gaps in closed canopyforests is dra-
matically different from the ‘soft edge’ along gaps
within longleaf pine forests having a moderately
openoverstorywith <60%canopycover.

Although longleafpine seedlingswere presentat
significantly reduced densities within 12—16 m of
adult treesgrowing along canopygapedges,signifi-
cantoverstorycoverextendedonly 4—5 m into these
openings.While greatersunlight availability nearthe
centerof canopyopeningsthan along gapedgeswas
suggestedas one possibleexplanationfor develop-
ment of the seedling exclusionaryzone, our data
suggestotherwise. In the longleaf pine wiregrass
ecosystemon these sandhills, solar radiation was
uniformly distributedacrossthe canopygaps.Appar-
ently, the <60%canopycoverin this longleafpine
forest allowed solar radiation to laterally reachthe
forestunderstorythroughnumerousinterstitialspaces
in the sparsepine overstoryas well as through the
canopygap itself. Thus, the sweepof partial shade
acrossthe gaps during the solar day resulted in a
relatively evendistribution of PAR acrossthe forest
floor,of entire gaps. Therefore,the null hypothesis

• that ~unlight is evenly distributedacrossthe canopy
gap could not be rejected. Clearly, a differential in
the distribution of PAR acrosseachcanopygapwas
not responsiblefor developmentof the seedlingex-
clusionaryzone.

4.3. Forest litter andforest fire

Frequentlow intensity fires are known to be the
single most important type of disturbanceshaping
th& ecological nature of longleaf pine wiregrass
ecosystems(Christensen,1981; Streng et al., 1993;
G~itzensteinet al., 1995;Landerse al., 1995). Igni-
tiOn is commonlyaffectedvia lightning strikesof tall
longleafpine trees,with fire subsequentlyspreading

throughout the understoryof abundantgrassesand
forest litter (primarily pine needles)which serve as
fine fuels (Landers,_1991;Plattand Rathbun,1993).
iWarea~~fTh&forestfloor wheregreatervolumesot
pine needlesaccumulatein the litter layer, ground
fire intensity is substantiallyhigher, resulting in high
mortality ratesamong longleafpine seedlings(Platt
et al., 1988; Graceand Platt, 1995). Highest litter
accumulationand pine seedling mortality rates are
typically observeddirectly underandadjacentto the
crowns of adult longleaf pine trees(Boyer, 1963,
1974;Farrar, 1996).

Higherintensity fire, burning in the greatermass
of accumulatedJitter associatedwith maturelongleaf
pine trees,seemsa logical mechanismfor develop-
ment of the seedling exclusionary zone along the
marginof canopygaps.However,ourfindingsclearly
show that the seedling exclusionary zone ranges
12—16 m from the gap edgeand significantly in-
creasedvolumesof litter extendedonly 4 m into
thesegrassy openings.Thus,the influence of more
intense ground fires in causing greater mortality
among longleafpine seedlingsdoesnot extendsuffi-
ciently far from the gap edgeto serveas the princi-
pal mechanismresponsiblefor developmentof the
seedlingexclusionaryzone.Therefore,while higher
ratesof litter accumulationbeneathand adjacentto
adult treecrownsmayhaveanindirecteffect(through
fire) on pine seedling mortality along the outermost
4 m of eachgap.anothermechanismmustbe respon-
sible for seedlingexclusionaryzonedevelopmentin.
longleafpine canopygaps.

4.4. Root gaps and in:raspec4ic competition

Formation of tree fall gaps within tropical and
temperateforestsis suspectedto providehigher lev-
els of availablenutrients and moisture within these
localizedcanopy openings,but evidencesupporting
this hypothesisis as yet inconclusive(Vitousekand
Denslow, 1986; Denslow, 1987;Lajtha, 1994). Data
from temperatedeciduousandconiferousforestsre-
cently demonstratedthe &velopment of root gaps
subsequentto the creationof canopygaps(Wilczyn-
ski and Pickett. 1993; Parsonset al., 1994; Bauhus
and Bartsch,1996). Theseroot gapsgenerallycorre-
spondto the geometricconfigurationof the canopy
gaps,but they are somewhatreducedin areaby the
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Fig. 9. Vertical view of root gap and canopy gap showing the
seedlingexclusionaryzone(gapsvary in shapefrom circular and
elliptical to attenuatedstrings).

lateral innervationof fine roots from live adult trees
alongthe canopygap edge.

Ourdataclearly indicatethepresenceof root gaps
formed in the sandy soil immediately below the
central portion of each longleaf pine canopy gap
(Fig. 9). Mature longleaf pine trees are known to
have root systemsextending radially up to 16.8 m
from their mainstems(Stone and Kalisz, 1991) and,
in this study, fine root biomass was significantly
reducedat distances> 16 m from canopygapedges.
Significantly, the highest densitiesof longleafpine
seedlingswere also observedat =16 m from the
gapedge. The fine root biomassfound within 12 m
of the gap edge (3—4.5 Mg han) was two to six
times that measurednear the gap center and most
closely coincidedwith the dimensionsof theseedling
excI~sionary zone along the margin of each gap.
Thus,developmentof the seedlingexclusionaryzone
in longleafpine forestcanopygapsis most likely the
result of intraspecificcompetitionbetweenthe root
systemsof adultsand seedlingsfor limited soil re-
sources.

4.5. Sustaining the ecos~ystem through sifuiculture

Most monotypic pine forests in the southeastern
United Statesare intensivelymanagedas plantations,
using a system of clearcutting on relatively short
rotations(approximately30 yrs) followed by artifi-
cial regenerationthroughplantingtreeseedlings.This
even-agedsilvicultural system,while often justified

on the basisof southernpine intoleranceto shade,is
more frequently implementedto achieveeconomic
objectives.A major disadvantageof this approachis
periodic—degradation—of—-nnmerous—nontllnber-Te~
source values following complete removal of the
forestcanopyin theseecosystems.While this method
hasbeensporadicallyappliedin longleafpineforests,
theuniquereproductiveecology of theseecosystems
bettersuits them to alternative,lessdisruptivesilvi-
cultural systems.

Naturally regeneratinglongleafpine foreststypi-
cally developasan uneven-agedmosaicof even-aged
patchesdistributedacrossthe landscape(Platt and
Rathbun, 1993). This pattemof renewal maintains
continuouscanopy cover in the ecosystem,while
providing for replacementof overstorytreesby es-
tablishing naturally regeneratingseedlingsin canopy
gaps.Silvicultural systemswhich mimic this overall
regenerationpatternare quite likely bestsui4edin the
long-term for sustainingtheecological characterand
multiple resourcevaluesof the longleafpine wire-
grassecosystem.Such alternativeapproachesmain-
tain continuously-standingforest, while allowing
landownersnot to forgo incomebecausetheir land is
locked in a preserve(Farrar, 1996).

The gap-phaseregenerationdynamicsof longleaf
pine are critically importantin selectingsilvicultural
systemssuitable for the long-term sustainabilityof
longleaf pine wiregrass ecosystems. Within each
canopygap,a distinctzonationdevelopsbetweenthe
gapcenterand surroundingareainsidethe gapedge.
Near the canopygap center(=16 m from the gap
edge),pine seedlingsare notedto aggregateat high-
est densitiesbecauseof the presenceof a below-
ground gap in the root systemof adult pines. This
root gap affords the seedlingsa refugefrom intense
intraspecific competition with adult longleafpines.
Along thegapmargin (within 16 m of the gapedge),
very low densities of seedlingsare presentin the
seedlingexclusionaryzone. While fir& plays an indi-
rect role in seedlingmortality within 4 m of the gap
edge, the seedling exclusionary zone is largely a
productof direct seedlingsuppressionresulting from
the presenceof mature.longleaf pine root systems.
Thus, the dimensionsof the seedling exclusionary
zonehavemajor implicationsfor the minimumsize
of forestcanopygapsthat shouldbe createdthrough
silvicultural practice.
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Consideringthese findings and those of others
(Platt et al., 1988; Boyer, 1993; Platt and Rathbun,
1993), it is suggestedthat the minimum size of
canopygaps siE’i~iilturally created ~l~iiigl&fjiiii~
forests be limited to diametersof 30 m. However,
this minimal diametercanopy opening will likely
result in developmentof a very small root gap area
and a relatively large seedling exclusionary zone,
thussupportinga very small numberof regenerating
pine seedlings within the gap. Note that gaps of
smaller diameterprovide little or no opportunityfor
root gap developmentand may preclude gap occu-
pancyby few if any pine seedlings.Therefore,we
recommendthat canopygapscreatedthrough silvi-
cultural methodsin longleafpine forestsbe =40 m
in diameter to provide sufficient opportunity for
developmentof root gapsthat can supportsubstantial
numbersof pine seedlings.Our recommendationco-
incides with the typical dimensionsof naturallyoc-
curring gaps (40—50 m diameter.)which were corn-
monly observedthroughoutthis longleafpine forest.

Consideringthe minimal size of forestgapssuit-
ablefor effectively regeneratingpinesin the longleaf
pine wiregrassecosystem,caution shouldbe used in
prescribingthe single-treeselectionmethod for gap
creation.Single longleafpine treesremovedfrom the
canopywill likely leavegaps averaging <30 m in
diameter.Being below our minimum recommenda-
tion, gapsof this small size will probablyallow no
substantial root gap developmentand will likely
remain occupied by few if any pine seedlingsuntil
adjacenttreesfall from the canopyto createa larger
gap.Conversely,thegroupselectionmethodmay be
ambng the most useful silvicultural techniquesfor
creating canopygaps (and root gaps) of sufficient
size to effectivelysustainthe longleafpine wiregrass
ecosystemin the long-term. Groupselectioncan be
usedto createcanopygapswith diametersof 40—50
m (0.1—0.2 ha) or more distributed throughout the
forest to simulatethe desireduneven-agedmosaic.
Thevolume-guidingdiameterlimit (GDL) and basal
area-maximumdbh-q (BDq) proceduresin a modi-
fled group selectionsystemare suitable for manag-
iri~ longleafpine forestswhen used in combination
with prescribedfire on a 3-yr cycle (Farrar, 1996).
Shelterwoodmethods and deferment cutting may
also prove useful in regeneratinglongleaf pine
forests, if for somereasonmoreopen canopycondi-

tions are desired(Smith et al., 1989; Boyer, 1993).
However, the pine seedlings’ needfor light cannot
be usedas an appropriaterationalefor applicationof
~learcuttingmeth~d~7
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